In various insulators, the impact of individual slow highly charged ions ͑eV-keV͒ creates surface nanostructures, whose size depends on the deposited potential energy. Here we report on the damage created on a cleaved BaF 2 ͑111͒ surface by irradiation with 4.5ϫ q keV highly charged xenon ions from a roomtemperature electron-beam ion trap. Up to charge states q = 36, no surface topographic changes on the BaF 2 surface are observed by scanning force microscopy. The hidden stored damage, however, can be made visible using the technique of selective chemical etching. Each individual ion impact develops into a pyramidal etch pits, as can be concluded from a comparison of the areal density of observed etch pits with the applied ion fluence ͑typically 10 8 ions/ cm 2 ͒. The dimensional analysis of the measured pits reveals the significance of the deposited potential energy in the creation of lattice distortions/defects in BaF 2 . Swift heavy ions ͑MeV-GeV kinetic energy͒ have become an important tool for structural modifications of various materials at the microscale and nanoscale for a wide range of applications in the last two decades. 1-4 One major limitation of using these high-energy ions is the damage creation in deep layers which in some applications should be avoided. The desire to confine the damage to the first few layers, which is essential for applications such as ion projection lithography, has stimulated the interest for the use of slow ͑eV-keV͒ highly charged ions ͑HCIs͒.
Swift heavy ions ͑MeV-GeV kinetic energy͒ have become an important tool for structural modifications of various materials at the microscale and nanoscale for a wide range of applications in the last two decades. [1] [2] [3] [4] One major limitation of using these high-energy ions is the damage creation in deep layers which in some applications should be avoided. The desire to confine the damage to the first few layers, which is essential for applications such as ion projection lithography, has stimulated the interest for the use of slow ͑eV-keV͒ highly charged ions ͑HCIs͒. 5 This type of ions is now readily available after recent developments in ion source technology leading to powerful ion sources such as the electron-beam ion trap ͑EBIT͒. 6, 7 While electronic energy loss of swift heavy ions is the major cause of material modifications, 8, 9 potential-energy deposition is dominating surface modifications by HCI. 10 During interaction with the solid surface HCI deposit their potential energy ͑the total ionization energy required for producing the high charge state from its neutral ground state͒ within a few femtosecond in a nanometer-sized volume close to the surface. [10] [11] [12] Initially the potential energy is deposited in the electronic subsystem of the target leading to strong electronic excitations. Strong electron-phonon coupling can then induce local surface modifications in various solids. Recently, HCI-induced surface modifications such as hillocks, [13] [14] [15] craters, 16 pits, 17 and calderalike structures 18 with nanometer dimensions have been demonstrated. 10 The study of nanostructure formation on surfaces induced by HCI is a relatively new field and still requires a detailed comparison between materials with common and different properties, in order to develop a more general understanding of the underlying mechanisms. For this aim and motivated by our recent findings regarding surface nanostructuring of CaF 2 by means of HCI ͑Refs. 13 and 14͒, we selected BaF 2 as one of the ionic alkaline-earth fluorides ͑along with CaF 2 and SrF 2 ͒ which have a wide range of potential applications in microelectronic and optoelectronic devices such as high-k dielectrics and buffer layers in semiconductor-on-insulator structures. 19 As samples for irradiation, we have used thin slabs ͑10 ϫ 10ϫ 0.5-1.0 mm 3 ͒ cleaved along the ͑111͒ planes from single-crystal blocks of high-purity barium fluoride ͑from Korth Kristalle, Germany͒ grown from melt in an inert atmosphere. The samples were mounted in a vacuum chamber with base pressure of 10 −9 mbar and irradiated at room temperature under normal incidence with highly charged isotope pure 129 Xe q+ ions of various charge states ͑q =24-36͒. A rectangular transmission electron microscopy grid was used to mask parts of the sample surface. The ions were extracted from the EBIT in pulsed mode at constant extraction voltage of 4.5 kV leading to kinetic energies of 4.5ϫ q keV. The selection of ions of specific charge-to-mass ratio was performed using a 90 analyzing magnet. The applied ion fluences were in the range of 10 9 -10 10 ions/ cm 2 whereas etching experiments required lower fluence of about 10 8 ions/ cm 2 , which is small enough to avoid tracks overlapping and reasonably high for good statistics. The average beam flux varied between 10 4 and 10 6 ions/ s. Irradiation parameters are listed in Table I ͑some of the ion parameters are estimated using SRIM 2008͒. 20 After ion irradiation, the BaF 2 ͑111͒ crystal surfaces were inspected by scanning force microscopy ͑SFM͒. The measurements were performed in tapping mode under ambient conditions using Si sensors ͑cantilever resonance frequency Ϸ190 kHz͒. Additionally, we performed UHV-contact mode SFM measurements ͑using UHV Omicron AFM/STM͒ at constant force and Si tips with cantilever force constants of Ϸ0.2 N / m. Surprisingly, none of the used Xe q+ ͑q =24-36͒ ions were able to induce visible topographic changes on the irradiated surfaces. As a typical example, Fig. 1 shows the SFM topographic image of a BaF 2 surface irradiated with 1.26 keV/ amu Xe 36+ ions. The peak-to-peak roughness of the cleaved surfaces is Ϸ0.1 nm which would be enough for resolving ion-induced surface structures of sizes above the SFM detection limit ͑Ϸ0.1 nm and 1.0 nm for vertical and lateral dimensions, respectively͒.
To reveal the hidden damage not directly visible in the surface topography, chemical etching was performed using a 1 vol % solution of HNO 3 at room temperature without agitation. To avoid any possible size dependence on etching time, all samples were etched under identical conditions ͑i.e., same HNO 3 concentration, 5 s etching time͒. Because parts of the sample's surface were masked by a rectangular copper grid during irradiation, the observation of well-defined patterns is a straightforward evidence of successful chemical etching of damage induced by HCI projectiles. Moreover, one can easily differentiate between features created due to ion irradiation and naturally present dislocations which are also etchable. 21 In Fig. 2͑a͒ , the SFM topographic image of a BaF 2 surface irradiated with 10 8 Xe 36+ ions/ cm 2 is shown after chemical etching. Due to the pattern of the used rectangular mask irradiated and masked regions can be clearly distinguished. In irradiated areas, etch pits of three-faced symmetric pyramidal depressions are revealed. This geometry originates from the ͑111͒ crystal lattice orientation of BaF 2 . The mean width and depth of the created etch pits are about 1.6 m and 23 nm, respectively. In nonirradiated regions, etched surfaces only occasionally show a few pits as a result of etching naturally present dislocations, whose size, however, is much larger than the one observed for etched ion tracks ͓Fig. 2͑a͔͒.
Figures 2͑b͒-2͑d͒ shows further SFM images of BaF 2 samples etched after irradiation with ͑4.5q ϫ kV͒ Xe 24+ , Xe 28+ , and Xe 33+ , respectively. In all cases, triangle-shaped etch pits were observed in the irradiated areas whose sizes increase with the incident ion charge state and whose number corresponds to the applied ion fluence. Figure 3 shows a magnified image and a line profile through one of the pits. Table I summarizes the parameters of our irradiation experiments including the electronic energy loss, the nuclear energy loss, and the penetration depth calculated by SRIM. 20 The potential energy corresponding to the lowest ͑Xe 24+ ͒ and highest ͑Xe 36+ ͒ charge state used in our experiments differ by a factor of 3.8. In contrast to this, the difference in the kinetic energy is only a factor of 1.5 leading to a difference of only 25% in the electronic energy loss and an insignificant difference of 3% in the nuclear energy loss. However, at these low kinetic energies the electronic energy loss is already one order of magnitude smaller than the nuclear energy loss. Taking into account that the potential energy is deposited within the first few nanometer, 14 the dominant role of the potential energy for the damage creation becomes obvious.
In Fig. 4 , the strong dependence of the mean size of the pits on potential energy is shown. The pit size is extracted from the SFM images by analyzing the width and depth of well-separated pits and calculating the removed volume ͑see Fig. 3͒ . We note a nearly linear increase in pit volume with potential energy.
Before we interpret our findings for BaF 2 ͑111͒, we first compare them to results obtained during HCI irradiation of KBr ͑001͒ and CaF 2 ͑111͒ surfaces. For KBr ͑001͒ surfaces, the individual impacts of slow highly charged Xe ions induce nanometer-sized pitlike structures with lateral sizes of 10-25 nm and monatomic depth, which are visible in SFM without chemical etching. 17 For CaF 2 ͑111͒ surfaces, no topographic changes are visible in the SFM images up to a certain Xe-ion charge state ͑q Յ 28͒ while above this threshold permanent nanosized hillocks with lateral sizes of 20-40 nm and 0.5-1.0 nm height appear on the surface. 13, 14 On the contrary, for BaF 2 ͑111͒ surfaces no topographic changes are visible in the SFM images up to the highest Xe-ion charge state ͑q =36͒ used in our experiments ͑see Fig. 1͒ . Nanostructures in the form of pyramidal pits can, however, be revealed after chemical etching. All three cases have in common, that the nanostructures can unambiguously be associated to individual ion impact events and that the size of the generated nanostructures strongly depends on the charge state and therefore on the potential energy deposited by the HCI into the surface. 13, 14, 17 The decisive role of the potential energy for the formation of nanostructures can be explained taking into account the fact that damage creation in ion-surface collisions is strongly correlated with the form of energy deposition in the solid. For slow ͑keV͒ singly charged or neutral atoms, nuclear stopping dominates the energy loss. This energy transfer to target cores leads to atomic displacements and lattice vibrations in the target ͑phonons͒. On the other hand, slow highly charged ions transfer their potential energy via a series of Auger processes to the electronic subsystem of the target. [10] [11] [12] As a consequence, ͑i͒ a large number of electrons is emitted from the projectile into a shallow region close to the HCI impact zone, [22] [23] [24] ͑ii͒ inelastic interaction of these electrons with target atoms leads to a strong electronic excitation of a nanometer-sized region around the impact site, 10, 11, 25 i.e., generation of defects such as excitons, color centers, holes, etc., and production of further ͑secondary͒ electrons, and ͑iii͒ elastic collisions of these electrons with target atoms ͑electron-phonon coupling͒ heat the lattice in the surrounding of the impact site.
Modeling calculations for HCI impact on CaF 2 have shown that above a certain potential-energy threshold, the heating of the lattice atoms by these primary and secondary electrons can surpass the melting threshold of the solid. 14, 26 Heat and pressure deforms the surface and after cooling down a hillock remains at the surface. This melting threshold is obviously not ͑yet͒ reached for impact of Xe 36+ on KBr and BaF 2 . Since the melting temperatures are very similar in the case of CaF 2 and BaF 2 there have to be other reasons for this, which we can only speculate on ͑a͒ electron-transport properties, such as elastic and inelastic mean-free path could be different for both materials and transport the ͑electron͒ energy further away in the case of BaF 2 ͑resulting in a lower energy transferred to each target atom͒ ͑b͒ thermal conductivity of BaF 2 is higher than for CaF 2 . So even if the same volume is heated by the electrons, this heat is more quickly carried away by heat conductivity or the hot zone is more effectively cooled from the surrounding material and therefore the zone does not melt. However, the strong electronic excitation will definitely lead to the generation of defects such as excitons, holes, color centers, etc., around the impact site also in these materials.
It is well known that even electron and photon impact on various ionic crystals can lead to color center creation and in further consequence to what is called electron-and photonstimulated desorption. [27] [28] [29] The first steps include the production of holes and electron pairs. Because of the strong electron-phonon coupling of the ionic lattice, these defects become rapidly self-trapped ͑self-trapped exciton, selftrapped holes͒ ͑Refs. 30 and 31͒ and subsequently decay into color centers, i.e., an H center ͑an interstitial molecular halide ion͒ and an F center ͑an electron at an anion site͒. The independent diffusion of both centers and their subsequent recombination with the surface lead to the desorption of individual halide atoms and alkali ͑alkaline-earth͒ atoms, respectively.
This defect-induced desorption mechanism was also invoked to explain the interaction of singly 29 and multiply charged ions 11 with alkali-halide surfaces, in particular, to explain the effect of "potential sputtering," i.e., sputtering due to the potential energy of the projectile ions rather than their kinetic energy. 11, [32] [33] [34] Also the pit formation during the interaction of HCI with KBr ͑001͒ ͑see above͒ was ascribed to this defect-induced desorption mechanism. 17 Contrary to the case of electrons, photons, or singly charged ions, however, the emission of a large number of electrons during the relaxation of HCI leads to a high density of defects close to the surface. As the defects diffuse, they combine to complex defect centers ͑e.g., F center agglomerates͒ from which in the case of KBr desorption is possible without the presence of step edges. BRIEF REPORTS PHYSICAL REVIEW B 82, 033403 ͑2010͒
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As mentioned above, there is no reason to assume that the strong electronic excitation of the surface-near region due to the potential energy of the slow HCI should not induce similar defects and defect aggregates in BaF 2 and CaF 2 as well. However, in both cases the defects ͑or defect clusters͒ obviously do not result in pits visible in SFM images either because their diffusion is limited or the color centers remain ͑weakly͒ bound to the surface and do not lead to desorption. The impact region is, however, structurally weakened and can be preferentially attacked by a suitable etchant ͑as observed in our case for BaF 2 ͒.
In etching studies of swift heavy-ion tracks in alkalihalide surfaces, it was found that the etchability is related to the creation of large defect aggregates or even microdefects ͑clusters of few F centers͒ rather than single point defects ͑F and H centers͒. 35 The strong dependence of the mean size of etch pits as a function of potential energy of Xe q+ ions ͑Fig. 4͒ indicates that the electronic excitation induced by the HCI is able to create large defect aggregates at or close to the surface. Compared to the total ion range, the etch pits are only Ϸ40% deep ͑see Table I͒ . This is a further hint that only in the beginning of the track ͑where the potential energy is deposited͒, etchable defect aggregates and clusters are produced while at the end of the ion track, point defects from the nuclear collision cascade prevail.
If our interpretation is correct, we should also be able to see similar structures after etching on CaF 2 ͑111͒ even below the ͑melting͒ threshold for hillock generation ͑see above͒. Indeed such etch pits have been found recently in preliminary experiments using Xe 25+ projectile ion impact on CaF 2 . 36 A more systematic study is currently in progress. In conclusion, we have shown that in spite of no direct visible topographic surface modifications by HCI irradiation, surface and near surface lattice distortion are created in BaF 2 ͑111͒. The size of the revealed damage zone is strongly increasing with the deposited potential energy. The irradiation with slow HCI results in an extremely high and strongly localized dose distribution around the impact site. The etchability of the HCI-induced damage, suggests the efficient role of the deposited potential energy for the creation of defect aggregates rather than single point defects, an observation already made during swift heavy-ion irradiation. 
